INTRODUCTION
Asymmetric charge transfer resistance with de ionic current f 1 ow at the sodi um/beta"-a 1 umina interface has been reported by several workers (1-6). Significant asymmetric polarization can be harmfu 1 to the efficiency of battery operation, and is associated with early electroyte failure.
The increasing resistance at the electrode/electrolyte interface during sodium discharge has been attributed to the existence of a thin, passivating film (1,2). The extent and time dependence of the asymmetry seems to depend on the composition of sodium-beta 11 -alumina electrolyte. It has also been observed that heating to 350°C both improves the wetting of beta"-al umina by sodium and decreases the interface polarization. It has been
proposed that this may reflect the increased solubility of Na 2 o at higher temperatures (1). The general behavior of the chargetransfer resistance therefore indicates that the oxygen content of the sodium electrode maybe an important parameter in the Na/S ce 1 1 operation. In the present paper the ro 1 e of oxygen dissolved in the molten sodium electrode and the associated interface polarization are examined. A method is described for controlling the oxygen fugacity, and a means for eliminating the asymmetric polarization is presented.
Solubility of Oxygen in Sodium-The effects of dissolved impurities in liquid sodium on its corrosive properties have been examined extensively (7) (8) (9) . The solubilites of Na 2 o, NaOH, and NaH in 1 iquid sodium as a function of temperature are known (10).
"
For example, the Na-0-H equilibria data show that the solubility of ox i d e i n sod i u m i s 1 a r g e r i f the s our c e of con tam i n at i on i s H 2 o as opposed to 0 2 (Table 1} . The rate of dissolution of Na 2 o in molten sodium, kd, has also been determined for the reaction Na 2 o (solid} ~ (ka) can then be calculated from the equilibrium constants. As expected, the rate of dissolution is many orders of magnitude 1 ower than the rate of precipitation. Therefore, any Na 2 o precipitated at the sodi um/beta 11 -a 1 umina interface due to 1 oca 1 changes in oxygen concentration may persist until it slowly redissolves to establish bulk equilibrium.
The presence of sodium oxide dispersed in the liquid sodium electrode and/or adhering as a resistive film to the surface of . the electrolyte can be expected to affect significantly the wetting of the electrolyte. Early investigations of the surface tension of 1 iquid sodium were systematically high due to the presence of impurities, and it has been reported that traces of oxygen will increase the surface tension of molten sodium (12) .
This indicates greaf care should be exercised in using pure sodium, since increased surface tension means poorer wetting of the solid electrolyte. In fact, the numerical difference in measured surface tension of l.iquid sodium between the previously and currently accepted values (obtained with very pure sodium) is as large as the change in surface tension between 150°C and 300°C. This implies that the presence of impurities, 3 particularly oxygen or water, may play as important a role as temperature in the wetting of sodium beta"-alumina by sodium.
This assertion is supported by the observation on the Dow Na/S cell that 1 imiting the oxide (and calcium) content of the s'odium to a few ppm results in extrememly good wetting of the glass so 1 i d e 1 ectro 1 yte (13) .
The presence of excess oxygen in the liquid sodium anode presents another potentia 1 prob 1 em: as the ce 11 is discharged, the concentration of oxygen in the remaining sodium (at the sodium/electrolyte interface) may exceed the sol ubi 1 ity 1 imit, leading to the deposition of Na 2 0(s) of unit activity. This might potentia 11 y 1 ead to corrosion of the e 1 ectro 1 yte by the reaction 3Na 2 0{s) + 3Al 2 0 3 (s) ~ 6NaAl0 2 (s) = -554 kj/mol Also, high concentrations of Na 2 o or NaOH in liquid sodium are known to be very corrosive towards many materials, e.g. stainless steel (10).
The above discussion i 11 ustrates the importance of proper control of the oxygen fugacity in the molten sodium anode in the Na/S battery. Commercial sodium typically contains 1000 to 2000 ppm impurities and is almost always saturated with oxygen. Titanium metal is capable of reducing Na 2 o in the required temperature range, and its effect on the electrochemical behavior of the sodium/beta 11 -alumina interface is reported in this i n v e s t i g at i on. S e v era 1 other met a 1 s are t h e rm o d y n am i c a 1 1 y capable of reducing Na 2 o in the required temperature range including V, Zr, U, Al, and Mn. These metals and their oxides are reported to be practically insoluble in the temperature range " of interest (9) . 
EXPERIMENTAL
Electrochemical cells were designed to facilitate the characterization of the sodium/beta"-alumina interface. The electrolytes used were tubes of sodium-beta"-alumina supplied by Ceramatec, Inc., Salt Lake City, Utah. To keep the electrolyte tubes positioned properly in the cell, alpha-alumina disks were glass-sealed to the tubes.
The experimental Na/Na eel 1 design is shown in fig. 1 . The electrochemical measurements were made with a four-electrode system. A nickel working electrode (WE) was placed in the center of the e 1 ectro 1 yte tube, making contact with the bottom of the tube via a fine nickel wire spool (necessary for the experiments in which electrolytic sodium is used). The electrolyte tube was immersed in molten sodium in contact with the stainless steel 6
• body of the cell, which served as the counter electrode (CE). A third nickel wire electrode was positioned in contact with the top of the electrolyte tube, and a sufficient current was passed through it to produce a smal 1 droplet of sodium. This established a reference electrode (RE). The fourth electrode consisted of a non-current carrying potential probe attached to the WE. This allowed correcting for possible contact resistances at the current-carrying working electrode.
The cells were assembled in a dry box under an argon atmosphere with 1 ess than 1 ppm of 0 2 and H 2 0. The sodium used for the counter electrode side of the Na/Na cell was filtered through stainless steel wool ·at 1S0°C to remove some of the bulk oxides. The sodium was undoubtably stil 1 saturated with oxygen.
About 100 grams of this sodium was poured into the stainless s tee 1 body of the ce 11 and the e 1 ectrc-1 yte tube was then carefully placed into the molten sodium. The electrolyte tube was then filled with pre-treated sodium and, in some tests enough solid Na 2 o 2 to saturate the sodium electrode. If electrolytic sod i urn was to be used as the working e 1 ectrode, sod i urn was not added to the inside of the electrolyte tube, but later el ectrol ized into the tube. Finally, the top of the cell body (containing the WE and RE) was positioned and fastened down against a copper gasket to make a hermetic seal. Al 1 experiments could then be carried out in a furnace with an air atmosphere.
The temperature range used for ·the experiments was between 160°C and 3 50°C.
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Electrochemical measurements were made with a 173
Potentiostat/Gal vanostat in conjunction with a Universal Programmer (Princeton Ap 1 i ed Research, Princeton, New Jersey).
The potential (with respect to theRE) of the fourth probe was scanned as a function of current passed across the cell, using triangular wave cyclic voltammetry, and the resulting currentpotential curves were recorded.
The simplified equivalent circuit for the Na/Na cells used in this investigation is shown in Fig. 2 . The potential drop measured between the potential probe and the reference electrode (RE) includes the potential drop across part of the beta"-alumina electrolyte and across the inner sodium/beta"-alumina interface.
Assuming that the bulk resistance of the electrolyte doesn't change over the course of the experiment, any deviations from ohmic behavior of the cell current as the potential is cycled {the capacitive and inductive current in these experiments is negligible), implies changes in the inside interfacial resistance, Ri. Thus changes in the resistance at the inner interface of these cells, manifested as an asymmetric polarization, were found as a function of experimental conditions. To simplify the interpretation of the experimental current-potential curves, the resistances were calculated from the IR drop between the RE and the potential probe, and the corresponding resistance-potential curves were plotted.
It was found that the virtual position of the reference electrode is determined by the relative levels of the sodium electrodes inside and outside of the tube. Therefore, the 8
• fraction of the voltage drop due to the total electrolyte resistance is set by the relative positions of the sodium electrodes. Once the virtual position of the reference electrode is established, it does not move over the course of the experiment since the sodium levels did not change appreciably.
To assess the effects of oxide concentration on the electrochemical behavior of the sodium/beta" interface, the working electrode used in the following experiments was composed of sodium with various oxygen contents:
A. Electrolytically 11 pure 11 sodium.
B.
Electrolytic sodium saturated with Na 2 o.
C. Reagent grade sodium filtered at 150°C through stainless steel wool.
D. Sodium filtered as above and titanium sponge added.
E. Sodium filtered as above and then reacted with titanium sponge at 350°C for 24 hours and refiltered at 150°C.
Some additional Ti was then added.
F. Electrolyte tube exposed to atmospheric moisture for two weeks (in al 1 other experiments the electrolyte tubes were baked· out under vacuum).
RESULTS
High Temperature (300-350°C): -In almost every case, the Na/Na . eel ls cycled at high temperatures showed no asymmetric polarization; the current-potential curves simply exhibited 1 inear ohmic behavior. The only cells which exhibited measurable polarization were ones in which the electrolyte tubes 9 were exposed to moisture, or in which the electrolyte tubes were not baked out under vacuum. Current-potential and resistancepotential curves for this case are shown in Figures 3a and 3b.
As can be seen from Fig. 3b , the resistance at the inside interface, Ri, increases as sodium is discharged flowing out of the electrolyte tube, and decreases as sodium is electrolysed into the tube. If the maximum change in the interface resistance is taken to be the difference between the high and low values from the resistance-potential curves, one can see that the resistance at the inner sodium/beta"-alumina interface changes by 18 mil liohms over the range of potentials scanned. Also evident is that the polarization is much more severe at low scan rates where more sodium is transported over the cyclic scan (Fig. 3a) .
Surprisingly, the Na/Na cell in which the sodium working electrode was saturated with excess Na 2 o, did not show any evidence of asymmetric polarization at 350°C (however, this eel 1 exhibited considerable polarization at lower temperatures).
Low Temperature (160 to 240°C): -The current-potentia 1 curves appeared to be extremely sensitive to the presence of oxygen or water at these temperatures. Asymmetric polarization was genera 11 y observed in this temperature range, and on 1 y under certain conditions could it be eliminated.
Filtered Sodium: -With filtered sodium used as a working electrode, the asymmetric polarization at 200°C was considerable.
As F i g. 4 , t h e r e s i s t an c e, R i , i s cons t an t f o rm + 1 0 0 to + 3 0 0 mV on the reverse scan, and increases in the region + 300 to 0 10 mV on the forward scan. Ri decreases rapidly as the potential moves into the negative region 0 to -300mV on the forward scan, 
where D is the diffusion coefficient of oxygen in molten sodium, v is the sodium velocity, and x is the distance from the electrolyte surface. The problem has been solved by
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= -vlt exp
where C 0 is the initial concentration for al 1 x.
(2)
The diffusion coefficients for oxygen in molten sodium are can be used to construct a table of estimated diffusion coefficients, as shown in Table 2 . By inspection one can see that due to the temperature dependance of the diffusion coefficient, the values of C!C 0 calculated from Eqn. 2 wil 1 be very sensitive_ to temperature; C/C 0 wi 11 change much more rapid 1 y(under conditions of equal t and v) at the electrode/electrolyte 15 interface at 160°C than at 300°C. This may explain why such large asymmetry is observed at low temperatures and not at high temper at ur es.
Approximate calculations of C/C 0 can be made for the changes in oxide concentration at the Na/beta"-alumina interface for the cyclic voltammograms in this study. Since the current density is not constant but rather a function of the potentia 1 and resistance, C/C 0 at the interface (x=O) can be calculated over small time intervals .assuming constant current over that interval. In most cases the decrease in C/C 0 was calculated for the forward cathodic current scan, but the increase in C/C 0 on the anodic scan is just as easily calculated. Since C/C 0 is dependant on both v and t, there should be a strong dependance on scan rate. Qualitatively, this is always observed; the asymmetry is most severe at low scan rates (for the same potential region) where more current is passed.
The change in C/C 0 is shown in Figure 9 for a constant cathodic current density of 30 mA/cm2 at the two temperatures of l60°C and 300°C. As one can clearly see, the drop in solute concentration at the electrode/electrolyte interface is far more rapid at 160°C. As discussed previously in the results section, asymmetric polarization is seldom observed at high temperatures.
The 1 ack of significant change in C/C 0 at 300°C Fig. 9 may provide an explanation for this effect.
The effect of scan rate at low temperatures on the resistance-potential evolution and on the change in C/C 0 is shown 16 in Figures 10 and 11 , respectively. One can easily see that the magnitudes of both the asymmetric polarization and the change in The difference between these two cases is the time lapsed to achieve the value of C/C 0 = .08, five seconds in the rapid scan case, while about 50 seconds in the slow scan case. This implies that there is an additional kinetic step in the removal of the resistance at the e 1 ect rode/ e 1 ect ro 1 yte interface. This may be due to the desorption of an adsorbed oxide layer; the coverage of the surface being affected both by the oxide concentration at the surface and the rate constant for desorption.
One plausible explanation for the electrochemical observations in this study is therefore a chemical adsorption of oxide or hydroxide on. the beta 11 -alumina surface, possibly followed by growth of an oxide or hydroxide layer at higher solute concentrations. Using Kroger-Vink notation:
1. OH-+ NaNax ~ NaOHi (ads)x + vN·a 2a. o2-+ NaNax---? NaOi(ads) + VNa 2b. NaOi(ads) + NaN/~ Na 2 0i(ads)x + VNa 3. NaOH or Na 2 o film growth where V =va_cancy, Na =sodium site, i =interstitial ,x =neutral, and =negative charge.
In the presence of dissolved oxide or hydroxide in the molten sodium electrode, the beta"-alumina electrolyte could chemadsorb those species at the conduction planes by removing a sodium ion from a sodium ion site, yielding an adsorbed Nao-or NaOH and a sodium ion vacancy in the beta"-alumina. One would expect this adsorption to increase the resfstivity of the electrolyte bnth by trapping conduction ions and by blocking the flow of ions into and out of the electrolyte surface.
In the simple case of a Langmuir adsorption the degree of surface coverage will determined by the eq~ilibrium constant for adsorption which is a function of the concentration of oxide at the interface (17) where 8 is the fraction of surface sites occupied, and K is the equilibrium constant or adsorption coefficient. As the value of K becomes very large (strong adsorption), the isotherm approaches the form of the unit step function, in other words, there is .
1 itt 1 e dependance of e on concentration. On the other hand .. if K is smal 1, e is strongly dependant on adsorbate concentration.
As was discussed in the Results section, little if any asymmetry was observed at high temperatures. The heat of ad s or p t i on for c h em i so r p t i on i s t y p i c a 1 1 y i n t h e r an g e of 1 0 -100 kcal/mole. For the Lan·gmuir adsorption isotherm, the temperature variation of the equilibrium constant follows the van't Hoff relationship:
where A is the heat evolved per mo 1 e of reactant in the adsorption process. If one uses a relatively small value for the heat of adsorption, say -20 kcal/mole, the ratio of the equilibrium constant Kat 300°C, to Kat 160°C is 0.0034. As one would expect, the adsorption is much less favored at high temperatures. Similarly, since the entropy change for adsorption is negative, the free energy change for the adsorption reaction is less favorable at high temperatures.
Therefore, there are two factors in this model that predict the absence of asymmetric polarization at high temperature: the change in solute concentration at the electrode/electrolyte is much less pronounced at high temperatures, and the equilibrium constant for adsorption should be much smaller at high temperatures.
A simple example of the asymmetric polarization observed at low temperatures is seen in Figure 5 . The change in C/C 0 was calculated for the cathodic and anodic current ranges of this resistance-potential curve. The calculations were done assuming C/C 0 =1 at zero potential, and then over the range of zero volts to the positive or negative limit of the potential window(the reverse scans were not ca 1 cu 1 ated).
The shape of the resistance-potential curve in Figure 5 is explained as follows. As the potential is scanned in the negative direction, the cathodic current increases in proportion to a constant resistance up to about -75 mV. At this point C/Co has dropped to about 0.84, the oxide begins to desorb and the interfacial resistance begins to drop. As the potential scan is continued, the current density increases at a more rapid rate due to the falling resistance. The increasing current density causes This featur~ would not show up in Figure 4 , since the sodium in this case was treated with Ti, removing the species(possibly hydroxide) responsible for this observation.
The extreme case of oxide contamination is that of electrolytic sodium saturated with Na 2 o. Since the oxide concentration is at the sol ubi 1 ity 1 imit,during anodic current flow C/C 0 should remain unity while sodium flows into the electrolyte, leaving oxide behind to either adsorb on the electrolyte surface (possibly followed by a growing sodium oxide 1 ayer), or precipitating out of the mol ten sodium. In figure 6 the resistance at the interface is observed to increase over the entire positive potential region. Since the oxide concentration is at the solubility limit, and therefore adsorption coverage is probably already maximum, the increase in resistance could be due to the buildup of a Na 2 o film as excess oxide is deposited at the interface during anodic current flow. This hypothesis is supported by the results seen in Figure 7 . There is an enormous increase in the interface resistance with anodic current flow, 3 ohms, which is 2 orders of magnitude larger than for unsaturatred sodium at 1600C.
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This indicates that there might be two mechanisms for resistance rise at the electrode/electrolyte interface:
adsorption of oxide or hydroxide at the interface, and buildup of an oxide film at saturation concentrations (Fig. 12) .
At Resistance-potential curve; 240 C; sodium electrodes saturated with Na 2 0; scan rate = 20mV/sec; forward scan; ---reverse scan. forward scans; ---reverse scans. Figure 11 . Oxygen depletion at electrolyte surface calculated for the eel 1 depicted in Figure 10 over the potential interval of 0 to -250 millivolts for the forward scan; the time interval is determined by scan rate; 50 mV/sec; ---2 mV/sec. At the end of the potential interval (0 to --~0 mV) C/Co has dropped to 0.08 for the fast scan case and 5 x 10 for the slow scan case.·· Figure 12 . Oxygen contamination levels of the sodium electrode and associated phenomena. .., .., 
